1-Introduction 70
While the world's population tripled in the 20th century, the use of renewable water resources 71 has grown six-fold. Poor access to good quality drinking water increases the risk of waterborne 72 diseases, which result in more than 10 million deaths. Diarrhoea alone is responsible for 2.2 73 million deaths each year, mostly among children under the age of five. This represents a 74 significant global problem, however a number of options available today for water disinfection 75 include chlorination, ozonation, iodine treatment, UV treatment, and boiling [1] . The ideal 76 solution would offer complete and full sterilization, without harming other forms of life; it 77 should also be inexpensive as well as non-corrosive [2] . 78
The last 20 years has seen the development of two of the most interesting disinfection 79 alternatives: solar disinfection and TiO 2 photodisinfection under UV illumination [3] . The 80 combination of the two methods would result in a much greener, cheaper, more efficient, less 81 energy consuming technology, which could be produced and widely applied whilst causing no 82 harm to human health. Considering the fact that the areas of the world that lack access to safe 83 drinking water, which are also the world's poorest nations, have an abundance of sunlight 84 irradiation, the provision of this new technique can alleviate the current burden on the global 85 water supply and improve sanitation. However, the band-gap of TiO 2 is large, and is only active 86 in the ultraviolet region (<400nm), which is < 10% of the overall solar intensity, therefore the 87 light harvesting ability of TiO 2 is very limited [4] . The challenges in this area are the 88 development and mechanism investigation of an efficient TiO 2 based photocatalyst, which is 89 workable under sunlight [5] . Among many catalyst improvement techniques, doping has been 90 shown to be one of the most promising options, however its application in water disinfection 91 requires further investigation. Current photocatalysis is mainly focused on TiO 2 , and the basis for 92 its use is the employment of sunlight (or an artificial solar simulator lamp system) as an energy 93 input so that TiO 2 can be photoactivated by the UV spectrum of the irradiation [6] . 94
The work of Matsunaga et al. [7] showed that TiO 2 was effective in photokilling Lactobacillus 95 acidophilus (gram-positive bacteria), Saccharomyces cerevisiae (yeast) and Escherichia coli 96 (gram-negative bacteria) under a metal halide lamp (12000 µe·m -2 ·s -1 ) for 1-2 h, moreover a 97 mechanism involved in the photooxidation of CoA was proposed. Ireland et al. [8] found that 98 the addition of electron acceptor-hydrogen peroxide at millimolar level had a positive impact on 99 the disinfection capability. Ide et al. [9] reported that the presence of deposited Au on the 100 supported layered TiO 2 could significantly improve its photocatalytic activity in the visible light 101 range. Zhang et al. [10] visible light irradiation. The experimental results showed that the photocatalytic disinfection 108 efficiency of E. coli (5 × 10 7 cfu mL -1 ) using 2.09%Ag/BiOI was almost 99.99% within 10 min 109 irradiation. Photocatalytic silver doped titanium dioxide nanoparticles (nAg/TiO 2 ) were 110 investigated for their capability of inactivating bacteriophage MS2 in aqueous media [13] . The 111 inactivation rate of MS2 was enhanced by more than 5 fold depending on the base TiO 2 material, 112 and the inactivation efficiency increased with increasing silver content. The increased production 113 of hydroxyl free radicals was found to be responsible for the enhanced viral inactivation. 114 Sontakke et al. [14] studied the photocatalytic inactivation of Escherichia coli with combustion 115 synthesized TiO 2 photocatalysts in the presence of visible light. It was found that photolysis 116 alone had a small effect on inactivation while the dark experiment resulted in no inactivation and 117 Ag/TiO 2 showed the maximum inactivation. At a catalyst loading of 0.25 g/L, all the combustion 118 synthesized catalysts showed better inactivation of E. coli compared to commercial Degussa P-119 25 (DP-25) TiO 2 catalyst. An improved inactivation was observed with increasing lamp intensity 120 However, problems such as the instability of the metal-doped titania and relatively low 125 absorption coefficiency of the nonmetal-doped titania in the visible light region, are still 126 unresolved. Thus, exploring the highly-active photocatalysts with narrow band gap, which 127 function in the visible light region, has attracted remarkable attention. Accordingly, the aim of 128 this work was to explore the possibility of the removal of an organic pollutant (phenol) by the 129 application of TiO 2 based photocatalysts. The production of series of metal ions doped or 130 undoped TiO 2 was undertaken by a sol gel method and a wet impregnation method. A standard 131 photoreactor system was designed for such a purpose and the transport/kinetic processes of 132 Undoped and Cu/TiO 2 catalysts were prepared via a sol gel method described by Ding and Liu 150 [15] . Titanium (IV) isopropoxide and alcohol (ethanol, 2(2-ethoxyethoxy) ethanol or 151 isoproponal) were vigorously stirred in a beaker. A mixture of fixed amount of deionsed water 152 (DI water), acid (HCl or H 2 SO 4 ) and alcohol was added drop-wise into the previous 153 TTIP/alcohol solution and magnetically stirred. After gelation, it was dried at 60°C in an oven 154 overnight. The powder was then annealed at a specific temperature for 2 h in furnace. Finally, 155 the catalysts was pulverized through 75µm sieves and kept in a sealed jar for use. For Cu doped 156 TiO 2 , a given amount of copper precursor (1 ~ 10 mol % to TiO 2 ) was mixed with DI water, acid 157 and alcohol solution before the mixture was added into a TTIP/alcohol solution. The rest of the 158 preparation procedure was the same as with undoped TiO 2 . 159
Wet-impregnation method 160
Materials used in this method are shown in Table ( 1) . The preparation of Cu doped catalysts was 161 via a wet impregnation method described by Di paola et al. [16] . A given type/amount of Copper 162 dopant and TiO 2 P25 were added to 100 mL DI water. The mixture was then magnetically stirred 163 7 24 h followed by washing three times using DI water through filtration. Finally, solid was oven 164 dried at 60°C. Further calcination was carried out at 500°C for 2 h. 165
Designation of prepared photocatalysts 166 167
The denotation of the final catalysts was based on some of synthesis variables, including 168 preparation method, undoped or doped, difference in starting solution composition and annealing 169 temperature. The name of a catalyst can be seen in the format of ATBC. Here "A" stands for the 170 preparation method, it can be sol-gel method (SG) or Wet-impregnation method (IM). "T" is 171 short for TiO 2 and means it is a TiO 2 based photocatalyst. "B" stands for a dopant which could 172 be iron (Fe), Humic acid (HA), Manganese (Mn) but in most cases, it is copper (Cu) . "C" stands 173 for different conditions in starting solution composition and annealing temperature, a detailed 174 lists corresponding to this nomenclature can be found in the list of synthesised materials. For 175 example, SGT9 represents a TiO 2 based photocatalyst, which was prepared by the sol-gel 176 method. In the standard sol gel procedure, the starting solution is composed of TTIP, Ethanol, 177
HCl and H 2 O at a molar ratio of 1:8:0.06:1. There is no dopant addition in the dried catalysts and 178 the final annealing is at a temperature of 500°C for 2 h. Similarly, SGTCu43 is a TiO 2 based 179 photocatalyst which prepared from sol-gel method. In the standard sol-gel procedure, the starting 180 solution is composed of TTIP, isopropanol, H 2 SO 4 and H 2 O at a molar ratio of 1:80:0.06:14. It 181 was doped by copper at a level of 0.1 mol% towards TiO 2 and the final annealing conditions are 182 600°C for 2 h. The system with wet impregnated samples is simpler, they all share a same 183 starting TiO 2 P25 aqueous mixture and therefore, the number 2 in IMTCu2 stands for dopant 184 CuCl 2 is introduced at a level of 1.0 mol% before 500°C for 2 h. liquid running up the reactor was perpendicularly illuminated by immersed UV lamp whose 205 irradiation consistently strikes on the photocatalysts suspension. All parts of this reactor are 206 made from stainless steel in order to enhance the refracted light intensity. Photocatalysts are 207 located inside the inner circle container. Other main components of the system are the control 208 valve, the water grab sampler, a filter, connecting tubes and a water reservoir. The main function 209 of the water tank (WT) is to provide aeration of circulating bacterial suspension. The water grab 210 sampler is made up of water pump and flow meter, which provide the flow of the liquid in the 211 system. To sieve the photocatalyst, a filter has been incorporated downstream of the system. The 212 size of the PCR is around 700 cm 3 and the total volume (V) of water suspension in the system is 213 controlled at 2000 cm 3 with the flow rate varied from 25 to 125 cm 3 min -1 . 214 215
2.4 Phenol photodegradation in water 216 217
The evaluation of decontamination ability of the prepared catalysts was assessed by 218 photooxidation of phenol in water in the solar box system. To compare the degradation rates 219 between samples, it was ensured that the initial phenol concentration and irradiation intensity 220 were as close as possible. The evolution of the phenol concentration was monitored by UV-vis 221 spectrophotometry at its characteristic 270 nm band, using a centrifuged (4500 r.p.m for 5min) 222 aliquot ca. 2 mL of the suspension. All experiments were carried out in triplicates and DI water 223 was used throughout. 224
Characterization and analytical tools 225

Point of zero charge determination 226
In the experiment procedure described by Reymond and Kolenda: oxide suspensions with the 227 catalysts solid contents (weight percentage) as 0.01%,0.1%,1%,5%,10% were introduced in glass 228 beakers (capacity:10 mL). The beakers were filled with catalysts oxide suspensions in DI water 229 before sealed in order to minimize the residual air volume above suspension. The beakers were 230 then kept in air and shaken at 200 rpm at room temperature for 24 h. The pH was measured after 231 24 h of contact time, time for which pH equilibrium was reached in all the cases. It is considered 232 that the PZC value of the oxide is the pH value of the suspension having the higher solid content 233 when pH evolution with solid concentration is low. 234
Surface area measurement 235
The sample was pre-treated at 368 K for 1 h and 573K for 3 h under nitrogen, and then a 236 conventional 5-point BET nitrogen isotherm was taken at 77 K. All measurements were carried 237 out on a Micromeretics Gemini analyser. The amount of nitrogen admitted to the catalyst sample 238 was logged and the surface area calculations were carried out by the analyser. 239
UV-vis spectrophotometer 240
The concentration of phenol was measured on a double beam spectrophotometer (M350 double 241 beam, Camspec Scientific Intruments Ltd, Sawston, Cambridge, UK). To avoid the imperfection 242 of matching cuvettes when using a double beam, only one beam was used with a 1 cm quartz 243 cuvette. The zero was achieved with DI water and cuvette was regularly left to soak in 244 The effect of the initial concentration of phenol is presented in Figures (3a) and (3b), and Table  287 (3). An increase in the initial phenol concentration substantially decreases in the degradation 288 rate. The remarkable inhibitory effect of the initial concentration of phenol on the apparent rate 289 constant has been reported with the photocatalytic decomposition of phenol following a negative 290 first order reaction kinetics [19, 20] . However, there is no clear understanding of this negative 291 influence of initial phenol concentration. It has been proposed [21] that the phenoxide ions ArO -, 292 which are generated from the dissociation of phenol, maybe compete with and replace the 293 adsorbed OHon the limited number of reactive positions on the surface of catalysts. Then the 294 generation of OH• will be reduced since there are fewer active sites for the generation of OH• 295 radicals. It is also worth noting that Phenol is always adsorbed on the TiO 2 surface in a 296 phenoxide ion [22] . 297
At a concentration of 20 mg/L, there seems to be sufficient reactant molecules for the reactive 298 sites, however, a further increase in the concentration may prohibit the penetration of light. 299
Meanwhile, an excess phenol concentration increases the concentration of reaction intimidates to 300 be treated, which in turn also compete with the phenol for the reactive sites on the TiO 2 surface. 301
In the photomineralization of organic pollutants sensitized by TiO2, it has been traditionally 302 reported that the initial rate of disappearance of the pollutant fits a Langmuir-Hinshelwood (L- 
(1) 307 308
Where: r o is the initial rate of disappearance of the organic substrate; k is a rate constant for the 309 reaction (mmol L -1 min -1 ), reflecting the limiting rate of reaction at maximum coverage under the 310 given experimental conditions; K is the constant for adsorption of the organic substrate onto the 311 TiO 2 surface (L mmol -1 ); and C is the concentration of the organic substrate (mmol L -1 ) in 312 solution. 313
The above equation can be inverted to solve for k and K. 314
(2) 315
316
The slope and intercept from a plot of 1/r 0 versus 1/[C] can be used to determine k and K. 317
318
Phenol oxidation data for both undoped and Cu doped TiO 2 at pH 5 were plotted using Equation 319
(2) with reasonably good fits (R 2 > 0.95). The rate constant and the binding constant for TiO 2 320 catalyst are -0.16 × 10 -3 mmol L -1 min -1 and -17.57 L mmol -1 , respectively, while for Cu/TiO 2 321 they are -0.5 × 10 -4 mmol L -1 min -1 and -15.67 L mmol -1 , respectively. Traditionally, k is taken to 322 represent the Langmuir absorption constant of the species (organic substrate) on the surface of 323 TiO 2 , and K is a proportionality constant which provides a measure of the intrinsic reactivity of 324 the photoactivated surface with organic substrate [23]. The L-H rate constants at pH = 6.3 325 derived from Equation (2) for both catalysts showed the same order of reactivity, but the 326 undoped TiO 2 is almost 3 times more active than Cu doped TiO 2 . However, it is generally 327 assumed that both rate constants and orders are only "apparent". They serve to describe the rate 328 of degradation, and may be used for reactor optimization, but they have no physical meaning, 329 and may not be used to identify surface processes. 330
The effect of catalyst dose 331
To increase the performance of heterogeneous photocatalytic process, one common way is to 332 increase the contact area of TiO 2 along the light path. The amount of catalyst used is also related 333 to cost effectiveness. A low mass of catalyst requires an extension of light exposure and 334 hydraulic retention time which increases the cost effectiveness. On the other hand, an excessive 335 amount of catalyst has cost implications and potential to reduce photoactivity due to increased 336 turbidity of the suspension. Hence, it is important to find the optimal amount catalyst mass for 337 the system. 338
To study the influence of catalyst mass, the quantity of catalyst was varied whilst keeping the 339 concentration of phenol solution equal to 50 mg/L. Figures (4a) and (4b) illustrated the influence 340 of catalyst mass on the degradation of phenol, in the range from 0.1 g/L to 2 g/L. It is illustrated 341 that phenol concentration decreases monotonically with an increase in catalyst mass in the water. 342
It is obvious that the higher catalyst mass, the higher the area of the reactive surface available for 343 adsorption and reaction will be. But the effect of catalysts dose cannot be indefinitely beneficial. 344
Above a certain level, the degradation rate will remain constant even with increased catalysts 345 loading. This rule is more obvious with TiO 2 in Table (4). As the concentration of the catalyst 346 increases, the amount of adsorbed photons as well as phenol molecules increases with respect to 347 the number of catalysts molecules. The concentration in the area of illumination also increases 348 and thus the reaction rate is enhanced. All studies of photocatalysis note the existence of an 349 optimal concentration of TiO 2 . It can be concluded that a suitable amount of TiO 2 for the 350 photocatalytic reaction is approximately 1-3 g/L depending on types of reactor and TiO 2 powders 351 [19, 21] . In our experiment, the catalyst loading is approximately 1.5 g/L for undoped TiO 2 , 352 while it can be in excess of 2 g/L for Cu doped TiO 2 . Previous researchers suggest [24] that 353 high-TiO 2 dose might lead to aggregation of the catalyst particles accompanied by reduction in 354 reactive sites. Furthermore, shielding effects may occur due to high turbidity along with high 355 concentration of catalyst which prevents light penetration. A consequent rate decrease is always 356 a possibility if the dose is increased above a certain limit and hence the catalyst concentration 357 must be monitored to ensure efficient photodegradation. 358
The effect of solution pH 359
Industrial effluents may be basic or acidic and therefore the effect of pH should be investigated. 360
The pH value of phenol solution has a significant influence on the photocatalytic process for a 361 variety of reasons, including the TiO 2 surface charge state, the flat-band potential, and the 362 dissociation of phenol. These processes all are strongly pH dependent. The relative 363 concentration of functional groups on the surface of hydrated TiO 2 (TiOH 2 + , TiOH and TiO − ) 364 varies depending on the pH, due to surface hydroxyl groups gaining or losing a proton. 365
366
(3) 367 368
(4) 369 TiO 2 surface at low pH might be responsible for the inhibition of TiO 2 -mediated adsorption of 381 chlorinated hydrocarbon. In this study, as the pH is adjusted with HCl, the Clanions are also 382 adsorbed at the surface of TiO 2 . There is competition between the adsorption of the anions and 383 phenol, hence the generation of OH· radicals is retarded. In the case of substances which are 384 weakly acidic, the photocatalytic degradation of phenol increases at lower pH because of an 385 increase in adsorption. At pH= 6.3, which is near its theoretical isoelectric point, the surface of 386 TiO 2 is negatively charged while the phenol adsorption is at its maximum and the quantity of CI -387 ions is lower [24] . Meanwhile, when the pH increases, the active hydroxyl groups on the TiO 2 388 surface increase accordingly. Consequently, a faster generation of OH· radicals accelerates the 389 phenol oxidation [21] . It is also consistent with the work of O'Shea and Cardona [26] , who found 390 that the initial reaction rates for phenol degradation steadily increases in the pH range from 3.0 to 391 9.0, however a lack of significant acceleration in the initial reaction rates was found at higher 392 pH. Similarly in our experiment, there is no significant difference in the initial reaction rate at a 393 pH of 10.3. This can be attributed to the fact that phenol is entirely dissociated into phenoxide 394 ion, which will compete for the reactive sites with the -OH groups and reduce the OH· radicals. 395
Meanwhile, there is a phenomenon of repulsion between the negatively charged surface of TiO 2 396 and phenoxide ions, which explains the decrease in the rate of phenol oxidation. Although the 397 pH dependence phenomena have been observed by many authors, detailed explanations are still 398 not conclusive. Okamoto et al. [27] studied the photocatalytic oxidation of a 1 mM phenol 399 solution with TiO 2 and suggested that the optimum pH value was 3.5. Augugliaro et al. [19] 400 found that the kinetic rate increased as the pH value increased to about 3, and then it decreased 401 steadily until a pH value of about 12.5, beyond which the reaction rate constant again sharply 402 increased. Some other investigators have reported no effect of pH on the rate of phenol removal. 403
The effect of light intensity 404
Since the TiO 2 powder is suspended in a stirred solution, the light intensity will affect the degree 405 of light absorption by the TiO 2 surface [21] . Previous investigators have also studied the light-406 intensity effect on the phenol degradation [27] . There are two ways of varying the light source 407 intensity in our solar box system. One is to change the distance of light and batch reactor. 408
Another is simply changing the light input sources, comparing UVA light with natural sunlight. 409 410
Comparison between dark and irradiation 411
In our batch reactor system, the catalyst used in this experiment is TiO 2 P25. Control is achieved 412 by exposing phenol in the solar box system, while another flask containing phenol and the same 413 amount of TiO 2 is kept in the dark during the same experiment period. 414
It is evident in Figure (6) that the presence of both catalyst and irradiation act favourably in the 415 photocatalytic process. In the absence of TiO 2 P25, phenol can hardly be degraded during a time 416 period over 20 h. Similar trends can be observed for the absence of irradiation, which also 417 suggests that TiO 2 powder cannot promote the oxidation of phenol [21] and that the adsorption 418 of phenol is negligible in the dark. The decline of phenol in the presence of TiO 2 along with 419 UVA irradiation may be attributed to the photooxidation process rather than adsorption. 420 421
Comparison between the position of flask container 422
In our batch reactor system, 100 mL quartz flasks are employed as the container which can be 423 placed either in position "A" that is just next to the lamp assuming the distance to be 0 cm or 424 position "B" that has a distance of 10 cm from the lamp. It is clear from Figure (7) that the nearer 425 the flask is to the lamp, the more efficient the photodegradation of phenol in the solar box. The 426 obvious explanation is that in the position "A", the same size flask received more irradiation than 427 the flask in position "B". Hence, it suggests that in the design of reactor system, effort can be 428 made to reduce the space between the reactor and the lamp. 429 430
Comparison between artificial UVA and sunlight 431
The threshold wavelength corresponds to the band gap energy for the semiconductor catalyst, 432 e.g., for the TiO 2 catalyst having band gap energy of 3.02 eV, the ideal wavelength is 400 nm. 433
Sunlight therefore is a valid source of irradiation for the excitation of the catalyst and has a 434 considerable economic advantage. A direct comparison between the results with solar box 435 system and sunlight from a clear sky is shown in Figure (8) . The control shows no sign of phenol 436 degradation under sunlight. In the presence of TiO 2 , the concentration of phenol drops to around 437 10 mg/l in 5 hours, indicating 80% degradation. By comparing the sunlight and the solar box, it 438 can be seen that the former is almost 4 times more efficient than the latter. Similarly, it has been 439 reported [28] that the time required for 90% degradation of the phenol in sunlight in the presence 440 of 0.1% TiO 2 suspension was 55 min, approximately 1.7 times less than with the 100 W medium 441 pressure mercury lamp. The results confirmed the possibility of substitute UV irradiation with 442 direct sunlight. At the same time, data obtained in the solar box system can be extrapolated from 443 the laboratory set-up to a larger scale with reasonable confidence. 444
The effect of catalysts preparation method 445
The properties of catalysts are very much dependant on the preparation methods, therefore, two 446 different preparation methods for doped TiO 2 were used as specified in Table (5 
Conclusions: 467
In the solar box system with two 18W UVA lamps, undoped TiO 2 and Cu doped TiO 2 showed 468 considerable phenol degradation. The efficiency of photocatalytic reaction largely depends on 469 the photocatalysts and the methods of preparation the photocatalysts. The doping of Fe, Mn, and 470 humic acid at 1.0 M% via sol gel methods were detrimental for phenol degradation. The 471 unremarkable inhibitory effect of initial phenol concentration on initial phenol degradation rate 472 reveals that photocatalytic decomposition of phenol follows pseudo zero order reaction kinetics. 473
A concentration of at least 1 g/L TiO 2 and Cu doped TiO 2 is required for the effective 474 degradation of 50 mg/L of phenol at neutral pH. It was found that pH plays a major role in the 475 phenomena of adsorption of phenol onto TiO 2 . The increase in OHconcentrations at a higher pH 476 values is beneficial of phenol degradation. However, the competition between phenoxide ion, Cl -477 and OHfor the limited number of reactive sites on TiO 2 will be a negative factor in the 478 generation of hydroxyl radical. TiO 2 is not active in the dark and the adsorption is negligible. The 479 dependence of phenol degradation rate on the light intensity was investigated, with the results 480 implying that direct sunlight can be a substitute for UV lamps, and that photocatalytic treatment 481 of organic pollutants may be an efficient technique. 874   875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891  892  893  894 
